Abstract--The operation of a novel current controller, which can also function as a fault current limiter and as a solid-state ac circuit breaker, is presented. The controller, which consists of a thyristor bridge, an inductor, and an optional bias power supply, is installed in series with the voltage source and the load. For load current values smaller than a preset value, the inductor of the current controller presents no impedance to the ac current flow. For values higher than the preset current value, the inductor is switched automatically into the ac circuit and limits the amount of current flow. Theoretical results in the form of circuit simulations and experimental results with a single-phase unit, operating on a 13.7 kV three-phase system with peak short-circuit currents of 3140 Arms, are presented.
I. INTRODUCTION HE bridge-type Fault Current Controller (FCC), previously called Fault Current Limiter (FCL), was introduced in 1983
. For a single-phase circuit the controller consists of a full-wave bridge, an inductance, and an optional bias power supply. Operation of the controller is based on providing a bias current through four thyristors. This bias current allows an inductor to be inserted into the load circuit when the load current exceeds the bias current. For load currents smaller than the bias current, the forward biased thyristors present a zero-impedance path to the load current. Should the load current exceed the bias current, as under short circuit conditions, a pair of thyristors is turned off during each half cycle and the inductance is automatically switched into the circuit, providing current limiting. Because phase control can be applied to the thyristors, the ac current can be regulated in magnitude.
The name FCL was changed to FCC after it was recognized that the controller has more attractive features besides limiting fault currents. The two main additional features are the capability to act as a variable inductance and as a less-than-a-cycle solid-state circuit breaker. The initial version of the FCC required a bias power supply for proper operation of the controller. It was found later that the bias power supply is unnecessary and that by proper thyristor control, the bias current could be provided by the source. The complexity of the controller operating without the bias power supply was reduced considerably without compromising the main features of the unit.
As is the case with other FACTS controllers, which consist of high power solid-state switching devices and passive components, the FCC uses the same devices [2] . The FCC also controls parameters of the power system and in that sense the FCC is a new FACTS Controller.
This paper explains the operation of the controller with and without a bias power supply. Unique features of the FCC will be pointed out. Test results of a 13.7 kV unit, operating in a single-phase mode, will be presented. The test results are in close agreement with circuit simulation results. Potential applications of the controller in utility and industrial power systems will be outlined.
II. BRIDGE-TYPE FAULT CURRENT CONTROLLER WITH A BIAS POWER SUPPLY
The original version of the FCC is shown in Fig. 1 for a single-phase circuit, having a voltage source V s and a source impedance Z s . The FCC, consisting of four thyristors (1, 2, 3, 4) in a bridge-circuit arrangement, a coil L b with a resistance R b , and a dc (bias) power supply V b , is connected in series between the source and the load. The bias power supply establishes a dc current through the four thyristors and the coil. Under no load conditions, each thyristor conducts half the dc coil current. Under load conditions, with the load current smaller than the bias current, the ac current will be superimposed on the dc bias current in the thyristors. For example, during the half cycle with positive current flow, the ac current will add to the dc bias current in thyristors 1, 2, and subtract in thyristors 3, 4. The current through each thyristor remains positive as long as the amplitude of the ac current is smaller than the dc bias current. The ac current is limited only by the load impedance, if we assume lossless thyristors. If the load impedance is lowered, as is the case during a short circuit, and the amplitude of the ac current tries to exceed the dc bias current, then one of the two thryristor sets (1, 2 or 3, 4) will go into the blocking state when the thyristor current is reduced to zero. For positive current flow thyristors 1, 2 and for negative current flow thyristors 3, 4 will conduct. For load currents higher than the bias current, the inductance of the FCC is switched into the circuit and limits the ac current. Once a short circuit is initiated, each thyristor conducts current every half cycle. If a controlled bias voltage source is used, the The Bridge-Type Fault Current Controller -A New FACTS Controller Fig. 1 . Diagram of a single-phase, bridge-type fault current controller with a bias power supply, installed between source and load.
bias current level can be adjusted to set the load current level at which the FCC inductance is switched into the circuit. There are several features of the FCC that are worth mentioning:
• The first half cycle of the short-circuit current is already limited in amplitude, because the inductance of the FCC will be switched into the ac circuit at the moment the fault current is higher than the bias current. The maximum amount of current limiting is determined by the size of the FCC inductance.
• The FCC inductance is switched into the ac circuit automatically by two sets of blocking thyristors. No active sensing mechanism is necessary, which should result in a reliable controller.
• Phase-delay angle control of the thyristors allows for adjustment of the short-circuit current after the first current half-cycle. Changing the phase-delay angle α from 0 to 90 degrees results in a gradual decrease of the short-circuit current. The ac current has a sinusoidal shape for phase angles up to 90°. The short-circuit current will decrease further for angles greater 90°. At α = 90° the effect of the FCC is the same as if it were replaced by a series connected inductor L b . For angles α > 90° the FCC produces ac currents that are discontinuous and adjustable in amplitude. This feature of varying the amplitude of the line current justifies the name "current controller" instead of simply "current limiter." • For load currents higher than the bias current, two sets of thyristors always alternate in conducting the current. If the gate pulses to the thyristors cease, the FCC acts as a circuit breaker and interrupts the current. In the worst case condition when the short circuit happens right after a particular set of thyristors fire, gate blocking results in a current interruption time of about one cycle for an inductive circuit. This current interruption time can be improved by a modified firing scheme to about one-half cycle.
In principle, three of these controllers are necessary for a three-phase system. In a delta connected three-phase system, two single-phase controllers suffice.
Because the FCC coil conducts the full bias current during operation at all times, the possibility of using a superconducting coil to reduce the steady-state losses of the unit is been pursued [3] .
III. BRIDGE-TYPE FAULT CURRENT CONTROLLER WITHOUT A BIAS POWER SUPPLY
Several years ago it was recognized that the FCC could operate without the bias power supply [3] . A bias current can be established in each thyristor by proper gate control with the voltage source providing the energy for the bias current. A circuit as shown in Fig. 1 , but without the bias power supply, was simulated using the Electromagnetic Transient program (EMTP, version ATP). The simulation results in Fig. 2 show how the bias current is established. The following circuit parameters were used for the simulation: V s = 13.7 kV/√3, L s = 6.6 mH, R s = 264 mΩ, L b = 4 mH, R b = 40 mΩ. Each thyristor was given a 6 mΩ forward resistance and as load a 64-Ω resistor was selected. The results show the case of the single-phase, resistive load being switch on. This 1 MW load is increased to 3 MW (21.3 Ω) after three cycles. After a further three cycles, the load is switched back to 1 MW. The load current, the FCC coil voltage, the current in the thyristors, and the coil current are shown. The bias current is established in the following way. Thyristors 1 and 3 are triggered at time zero and current flows through the source impedance, the FCC impedance, and the resistive load. A certain amount of the source voltage drops across the FCC coil. The current through the FCC coil reaches its peak at time T1 and reverses its slope, and the voltage across the FCC inductance reverses its polarity. At that time, thyristors 3 and 4 become forward biased and, when triggered, start conducting a portion of the load current. The two circuit loops [thyristors 1, 4 and the FCC inductance] and [thyristors 2, 3 and the FCC inductance] become free-wheeling paths for the FCC coil current, resulting in zero coil voltage. The load current transfers into the newly conducting thyristors 3 and 4. Each thyristor current can be thought of as the superposition of the bias current, which is equal to the peak load current, and the time varying load current. Because of losses in the FCC circuit, the bias current through the FCC inductor does not remain constant, but decreases with time. At time T2, the dc bias current reaches the same value as the ac current. At that instant thyristors 1 and 2 cease current conduction and block, and the FCC inductance is inserted into the ac circuit and charged to the peak current. At time T3, when the current reaches its minimum, the FCC coil reverses its polarity again, and thyristors 1 and 2 start conducting again. At time T4, the whole cycle repeats itself. There is a small time period during each half-cycle, e.g., between T2 and T3, when the coil is inserted into the ac circuit to recharge. During the load jump from 1 MW to 3 MW the situation is similar. Because the FCC coil current has to assume the peak load current value, more voltage-time area must be applied to the coil to bring the coil current to that peak current value. During a load jump from a higher load to a smaller load, such as from 3 MW to 1 MW, the coil current decreases according to the time constant of the FCC circuit. This time constant is determined by the FCC inductance and the combination of the coil resistance and the resistance of the two parallel thyristor paths. Once the coil current has decreased to the new peak load current, steady-state conditions are again reached.
Without the bias power supply, the FCC coil is recharged twice during each cycle under steady-state conditions. The recharging time depends on the time constant of the FCC circuit.
There are four different current flow paths during a cycle, as shown in Fig. 3 . In the top diagram the conduction path is shown in black arrows for a positive load current with amplitude smaller than a threshold value. The gray arrows indicate the current flow for a negative load current with amplitude smaller than the threshold value. The threshold value is a certain current value at which the load current is equal in value to the coil current. The middle diagram in Fig.  3 is for the time period from 0 to T1 and just before T4, as indicated in Fig. 2 , and the lower diagram, for the time between T2 and T3. During those time periods when only two thyristors are conducting, the FCC coil current becomes smaller than the threshold value. The FCC coil is switched into the ac circuit and is connected in series with the load for recharging. Fig. 3 . Load current flow paths during one cycle in FCC. Top: load current amplitude below a threshold value, positive (black arrows) or negative (gray arrows) half-wave; Middle: load current above a threshold value, positive half-wave; Bottom: load current above a threshold value, negative halfwave.
By switching the FCC coil into the ac circuit twice during each cycle, a distortion is produced in the current shape, resulting in harmonics. The second harmonic is the most dominant harmonic. The smaller the losses in the FCC coil, the smaller is the current distortion. It can be seen from the current shapes in Fig. 2 that the current distortion is small.
For the completely lossless case (no coil and no thyristor losses), the recharging time is reduced to zero. For this special case, the steady-state load current, the thyristor currents, and the FCC coil current are shown in Fig. 4 . The FCC coil current changes only when the load changes from a smaller to a larger load. 
IV. PROPERTIES OF THE TWO FCC CIRCUIT VARIATIONS
While the two FCC variations, with and without the bias supply, have many characteristics in common, there are certain differences. The FCC without the bias supply adjusts its bias current to the peak of the load current, while in the other case the controllable bias supply can adjust the bias current to any value. It would be reasonable to adjust the bias current to a small amount above the peak rated current to allow for some small percentage of overcurrent, before the FCC becomes active. The FCC with the bias power supply does not generate harmonics during steady-state operation. The bias supply also can help reduce the bias current after a high ac current excursion. The FCC without the bias power supply must be triggered twice each cycle.
In the previous discussions we assumed that the thyristors would be triggered at the earliest moment, the time of natural commutation. That would result in minimal time for the FCC coil to be in the ac circuit. However, if it is desirable to reduce the ac current by means of the FCC, then phase-delay angle control can be applied. The longer the phase delay, the longer the FCC coil remains in the ac circuit during each half-cycle, reducing the overall ac current. The FCC acts as a variable inductance with the phase-delay angle as the independent variable to adjust the inductance between zero and infinite. Current control is not as easily achievable by the FCC with the bias power supply, because here the bias current must be lowered to obtain current blocking by the sets of thyristors.
The bias current in the bridge thyristors and the FCC coil causes losses. For a well designed system, these losses are less than 1% of the throughput power of the FCC. The throughput power of the FCC is defined as the rated voltage times the rated current of a single-phase unit. The percentage losses of a FCC are similar to losses in other high power FACTS Controllers.
V. EXPERIMENTAL RESULTS

A. Load Tests
One phase of a three-phase, bridge-type FCC, designed for the 15 kV voltage class and for a steady-state load current of 1200 A, was tested in a substation of the Los Alamos National Laboratory. Tests with a switched load and shortcircuit tests were performed. The system parameters were the same as the ones used in the simulation example. The line-toground voltage was 7.9 kV. The source inductance of 4.3 mH was augmented by a 2.3 mH protection inductor to avoid extreme voltage dips at the substation bus during short-circuit testing, which would have had negative effects on other users fed by the same switchyard transformer. A copper coil was used as the FCC coil, having an inductance of 4 mH and a resistance of 40 mΩ (at 20°C). To save cost, the copper coil was designed for a steady-state current of 250 A, and therefore has a high resistance. Neutral grounding resistors (1 MW, 64 Ω) were used as the load. The grounding resistors could only be energized for 20 s, at which time the maximum allowable temperature of the resistors (760°C) would be reached. To simulate a changing load, one 1 MW resistor was augmented by two additional 1 MW resistors that could be switched in parallel with a vacuum switch.
Results of the load tests are shown in Figs. 5 and 6. Fig. 5 shows a load change from 1 MW (load current 125 Arms) to 3 MW (load current 375 Arms). Displayed are the load current, the thyristor currents, and the current in the FCC coil. It can be seen from the coil current trace that the coil current adjusts to the peak of the new load current value within one-half cycle. The steady-state traces for both the 1 and 3 MW loads indicate that the thyristor pairs become conductive when the current through the FCC coil changes its slope. At that instant, the coil polarity changes, which allows both freewheeling bridge circuit paths to conduct. For clarity the same time stamps as in Fig. 2 have also been inserted in Fig. 5 . It can be deduced from Fig. 5 that during one cycle each thyristor conducts current for about 14.6 ms or 87.6% of the time in this experiment. When all four thyristors are conducting, no ac load current flows through the FCC coil. The length of time during which two thyristors are blocked is determined by the L/R time constant of the FCC, with a large time constant resulting in small blocking times. It is during these times that the coil current is recharged to the peak value of the load current. For normal load operation, it is desirable to have the times during which the thyristors are blocked as small as possible so that the FCC coil is not part of the load circuit. The coil resistance is the largest contributor to the losses of the FCC. Therefore, the coil should be designed with losses as low as possible that are economically justifiable. Ideally, if a superconducting coil were used and lossless thyristors were available, the coil current would not have to be recharged twice each cycle but only if the load current takes on a higher value. Fig. 6 shows the load transition from 3 MW to 1 MW. In this case, the coil current decays according to the time constant of the FCC. In this experiment, the coil current reaches the amplitude of the reduced load current after about two cycles. During these two cycles, no control action is possible with the FCC, because all four thyristor branches are in the conducting state. Control action is only possible within a cycle if a thyristor branch stops current conduction and then can be brought into the next conducting state at an arbitrary time.
A comparison of the experimental results of Figs. 5 and 6 with the circuit simulation results of Fig. 2 shows excellent agreement. 
B. Short-Circuit Tests
Short-circuit tests were performed by shorting the 1 MW load via a 15 kV vacuum circuit breaker. The short-circuit current is mainly limited by the source inductance (4.3 mH), a series connected protection inductance (2.3 mH), and the FCC inductance (4 mH). Depending upon the phase-delay angle α of the FCC, the effect of the FCC inductance can be varied between zero and 100% of the inductance value. Fig. 7 shows a sequence of three different short-circuit currents, starting with the 1 MW (125 A) load (for time < Ta). At time instant Ta the vacuum breaker closes and shorts the load. Between times Ta and Tb of Fig. 7 the FCC thyristors are controlled in the α = 0° mode. The currents in the two bridge legs show a long period of overlap, which indicates that the FCC coil is only in the circuit for a brief portion of the cycle and does not assist in limiting the current. The peak amplitude of the steady-state current is 4270 A. This current value is determined mainly by the source and protection inductances limiting the current, while the contribution by the FCC inductance is negligible. Between times Tb and Tc, the phase delay angle was adjusted to α = 90°. The total FCC inductance is in the circuit, and, in this case, all three inductances limit the current. The peak current is reduced to 2750 A. Between times Tc and Td, the phase delay angle was readjusted to 0°, resulting again in the higher current level. It should be pointed out that any current value between the two values can be selected by appropriate phase control. The ac current remains continuous for phase delay angles between 0°a nd 90°. If higher phase delay angles are chosen, the ac current can be controlled to smaller values, with the ac current becoming discontinuous. Fig. 8 shows as an example the controllability of the ac current by phase-delay angle control for an angle >90°. Starting with a 1 MW load (125 A), the load is shorted for 11.5 cycles. During the first 3.5 cycles of the short, α was adjusted to 0°, resulting in the highest possible short circuit current (steady-state current peak 4270 A). After the initial 3.5 cycles the phase-delay angle was adjusted to 105°. The current assumes a peak amplitude of 825 A. After 11.5 cycles the short was removed with only the load current flowing. The coil current decays with the given time constant, reaching the load current after about three cycles. It can be concluded that any current between the peak value at delay angle 0° to about zero at delay angle close to 180° can be selected by proper phase control. Expressed in terms of inductance, it can be summarized that the FCC acts as a variable inductance with adjustable values between zero at α = 0° and infinite at α = 180°. Because each thyristor must be triggered once during each cycle to guarantee current flow, the control of the current can be achieved for all load conditions, not only short circuit conditions. This control feature can be achieved for both variations of the FCC, provided the load current is larger than the bias current.
If the thyristors are not triggered, the FCC acts as a subcycle solid-state circuit breaker, interrupting the ac current flow. Because interruption occurs at a current zero, no transients are introduced. The last event in Fig. 7 at time Td shows the FCC acting as a circuit breaker. 
VI. POTENTIAL APPLICATIONS OF THE FCC
The bridge-type FCC, as with the other FACTS Controllers, consists of solid-state switching devices and passive circuit elements. The bridge-type FCC can be installed at any voltage level, from low voltage to extra high voltage systems. The cost of such a controller can be readily determined, based on data for conventional thyristor-based, low and high-power switching units. For high-power units, costs from Static VAR and HVDC installations can provide relevant information. The unit can be especially attractive in installations where the features of the controller could prevent major disasters, such as in a substation with underrated breakers. The fault-current limiting characteristic of the controller can prevent the short-circuit current from reaching critical values. Another promising field of application is one where excessive currents occur often and repeatedly. The operation of a spot welder or an electrical arc furnace is such a case. An electrical arc furnace experiences during each meltdown phase of each charge hundreds of short-circuit current events. A FCC unit would limit all these currents and provide a benign load to the supply system, resulting in reduced VAR compensation required and longer lifetime of components, such as the furnace breaker. Further possible applications of the controller can be envisioned for the reduction of motor starting currents, transformer inrush currents, and generator short circuit currents.
VII. CONCLUSION
Two different variations of the bridge-type FCC have been presented and the operating characteristics outlined. The unit consists of power electronic switching devices and a static inductance. The key to the operation of the controller is the establishment of bias currents in an inductor and the solidstate devices. When a pair of the solid-state devices block, the inductor is switched into the ac circuit and limits the current. Major features of the unit are current limiting, current control by phase-angle control, and sub-cycle breaker operation. The main features of the controller were experimentally verified with a single-phase, 7.9 kV unit.
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